Drift plasma instability near the edge as the origin of the microwave-induced 

zero-resistance states 
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We discuss a possible origin of the recently discovered microwave-induced zero-resistance states 
in very-high-electron-mobility two-dimensional electron systems. We suggest a scenario, in which 
two mechanisms, bulk and edge, contribute to the measured photosignal. Zero-resistance states 
are assumed to be due to a drift plasma instability, developing near the edge of the system under 
the microwave radiation. The proposed scheme qualitatively agrees with the microwave power, 
temperature, frequency, magnetic field, and mobility dependencies of the measured photosignal. 

PACS numbers: 73.40.-c, 78.67.-n, 73.43.-f, 73.50.Pz 



c3 



i 

-a 
c 

o 
o 



> 
o 

CO 
CO 

o 

CO 

o 

-I— > 



i 

-a 
c 

o 
o 



Recently discovered microwave induced zero-resistance 
states 0, 0] in a two-dimensional (2D) electron sys- 
tem in moderate magnetic fields (B < 0.5 T) at- 
tracted immediate attention of several theoretical groups 
[E El IE IE IE IE E3 (precursory observations of neg- 
ative microwave photoresistance have been reported in 
[ill HE El). A number of interesting scenarios were 
suggested, in which the effect is treated in terms of the 
influence of microwaves on the scattering probability of 
the electrons in the direction and opposite to the di- 
rection of a weak dc field, which results in microwave- 
stimulated negative local longitudinal conductivity a xx 
[H IE @ ( a similar mechanism of the negative photocon- 
ductivity was suggested in 0,E|). It was then shown 
that the negative local a xx should macroscopically man- 
ifest itself as the zero-resistance state |E- Among other 
proposed mechanisms is the formation of charge-density 
waves |E an d the influence of the nonparabolicity of 
the electronic spectrum 0- 

All the theoretical scenarios, proposed so far, im- 
ply the bulk of the sample as the origin of the zero- 
photoresistance effect. The aim of this Letter is to point 
to another possible scenario, based on the development 
of a microwave induced drift instability near the edge of 
the sample. We present a simple physical picture, which 
is in a qualitative agreement with the temperature, mi- 
crowave power, magnetic field, frequency, and mobility 
dependencies of the microwavephoto-resistance, experi- 
mentally observed in Refs. |l|,|2j. 

Before starting to discuss the essense of the proposed 
scenario, we briefly outline the most important and the 
most puzzling features of the experiments 0,0- First, 
the effect was observed under the conditions 



K/t < kT ~ fiuo c < Hlj < E F , 



(1) 



which imply that it has, probably, a quasiclassical na- 
ture. Here, r is the momentum relaxation time (esti- 
mated from the mobility), u) and lo c are the microwave 
and the cyclotron frequencies, T is the temperature, and 
Ep is the Fermi energy. The Coulomb-interaction pa- 
rameter r s = (ym^a^)" 1 / 2 (n s is the electron density, 



as is the effective Bohr radius) was about 1 in the ex- 
periment, suggesting that electron-electron correlations 
should not play a decisive role in the effect. Second, the 
effect was seen in the longitudinal resistance R xx and no 
indications on the influence of microwaves on the Hall 
resistance was observed. Third, and the most intriguing 
feature of the new experiments Q, Q is that their results 
are in a strong contradiction with another, very similar 
experiment |l6(, performed about 10 years ago. In Ref. 
|l6| , the microwave photoresponse of Hall bars was stud- 
ied under conditions, very similar to those of the new ex- 
periments. The density of electrons, the range of frequen- 
cies and magnetic fields, as well as the size of the samples 
in the new and the old experiments are very close. The 
only difference is the mobility, which is by more than 
one order of magnitude higher in the new s amp les. The 
photoresistance signal in the old samples [llj had the 
form of a weak peak centered at the magnetoplasmon fre- 
quency UJ m p = (ll>1 



J 2 ) 1 / 2 , where the plasma frequency 



uj p (x w~ x l 2 was determined by the width of the sample w 
and lay in the 60-100 GHz range. This is in a very good 
agreement with an intuitive physical picture of the vari- 
ation of the photoresponse due to a heating of electrons 
at the absorption frequency. Contrary to that, in the 
new experiments huge oscillations, governed exclusively 
by the cyclotron frequency were observed. Although the 
estimated magnetoplasmon frequency in the new samples 
lies in the same frequency range, no indications of the 
magnetoplasmon resonance were seen in 0, 0|. There- 
fore, a theory should, ideally, explain, why the magneto- 
plasmon shift of the cyclotron frequency was seen in the 
old, relatively "dirty" samples, and why it is not seen 
in the new, extremely-high-quality samples. Theoretical 
scenarios proposed so far [E H IE IE S IE IE EE EH as- 
sumed that the sample is infinite and did not address this 
puzzle at all. 

The dramatic difference between results of the old 
and new experiments suggests that a principally differ- 
ent mechanism should be responsible for the impressive 
features discovered in Refs. 0, 0- Therefore, we pro- 
pose a scheme, in which two mechanisms contribute to 
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the experimentally measured voltage between longitudi- 
nal contacts. The first contribution has a bulk origin and 
was seen in the old samples. The second contribution 
originates at the edge of the sample. We show that mi- 
crowaves may induce a drift plasma instability near the 
edge of the sample. Intervals of frequencies and magnetic 
fields, in which the instability exists, coincide with those, 
where the zero-resistance states and minima in R xx were 
observed. The instability may thus be responsible for the 
zero-resistance states. Its existence requires low scatter- 
ing rates, and therefore was not seen in the old, relatively 
"dirty" samples. 

First, we consider the bulk effect. Under the condi- 
tions JQ) the response of an infinite 2D electron gas on 
the microwave radiation can be described by the clas- 
sical Boltzmann equation neglecting the scattering in- 
tegral. The solution for the electron distribution func- 
tion, valid for an arbitrarily strong microwave field, is 
f~(jPjt) = /o(p — m V(£)), where /o is the Fermi-Dirac 
distribution function, the velocity 



V x (t)+iV y (t) 



-i{e/m)E^ eut 

LU — LU C + lT 



(2) 



is the solution of classical equations of motion for one 
electron, KL X ' is the amplitude of the incident electro- 
magnetic wave, and T = 2irn s e 2 /mcy/K is the radia- 
tive decay |l7| , which gives the dominant contribution to 
the cyclotron resonance linewidth in very-high-electron- 
mobility samples, T 3> 1/t. Here n s and m are the 
density and the effective mass of 2D electrons, c is the 
velocity of light, and k is the dielectric constant of the 
surrounding medium. In (j2J) we have assumed that the 
incident wave is circularly polarised. 

Averaging the function ./~(p, £) over the period of 
the microwave field, one gets the time- independent, 
microwave-modified electron distribution function 



i r 

F (E,W) = ~ - 
n Jo l 



dx 



exp 



VWE cos x 
kT 



(3) 



shown in Figure ^ The function Fq can be used for 
estimating the microwave-induced corrections to the dc 
conductivity a xx , which appear due to the energy depen- 
dence of the momentum- relaxation time t(E) |l8| (the 
Hall conductivity a xy is not influenced by microwaves at 
lu c t 3> 1). The microwave- related energy parameter 



W = 



e 2 \E c : 



2m[(w - w c ) 2 + T 2 ] 



(4) 



is proportional to the microwave power and has the form 
of a peak centered at the cyclotron frequency. Taking 
into account finite dimensions of the sample [the field 
E?? 1 should be screened by the dielectric function of a 
finite-size sample, Egf* — > E^ t /e(q,u), q ~ tt/w] shifts 
the resonance position to the magnetoplasmon frequency. 




FIG. 1: Electron distribution function © at different mi- 
crowave power levels. 



Estimates of the magnitude of the microwave electric field 
shows that the energy W is always much smaller than 
the relevant bulk energy scale Ep, W <C Ep. These 
qualitative arguments show that the bulk contribution 
to the photoconductivity should have the form of a weak 
peak at the magnetoplasmon frequency Lo mp . This is in 
obvious agreement with intuitive expectations, as well as 
with the results of the old experiment [lrjj ]. 

Now, consider what happens near the edge of the sys- 
tem under the microwave radiation. The same estimates 
show that the energy W can be comparable with or even 
substantially larger than the temperature, 



W > kT. 



(5) 



Hence, the microwave radiation can significantly change 
the distribution of electrons over the quantum states near 
the edge of the system. Accepting the standard pic- 
ture of Landau levels bent up near the edge and crossing 
the Fermi level, we see that microwaves lead to the ap- 
pearence of electrons near the edge which occupy higher 
energy levels and hence are running along the bound- 
ary (skipping orbits) with an increased (compared to the 
dark situation) velocity. Thus we have a situation, typ- 
ical for the development of drift plasma instabilities. In 
the bulk of the system we have a 2D plasma, character- 
ized by the dielectric function e(q, w), and near the edge 
an "electron beam" , which can move with respect to the 
bulk, with a sufficiently large velocity V induced by the 
microwave radiation. The spectrum of plasma waves in 
this situation is described by the dispersion equation of 
the type 



u-qV = ±- 



(6) 



and under certain conditions, namely if e(q,u>) < 0, 
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may have unstable solutions (here uj' p is the plasma fre- 
quency in the beam). The dielectric function of a 2D 
system in a magnetic field has the form e(q,oj) = 1 + 
2iria xx (q,u)q/L0K, where the wave-vector and frequency 
dependent conductivity is [2fj| 



n s e uj + i-f 



muj c 



2 



2 oo 



k 2 Jl(qr c ) 



fc=i 



i7)/w c ] 2 ' 
(7) 

and r c is the cyclotron radius. As seen from here, the 
dielectric function is negative in certain frequency inter- 
vals above multiples of the cyclotron frequency (insta- 
bility regions). Resolving Eq. 10 with respect to q at 
fixed (real) frequency u> and at uj' p <C u> p , we get the 
imaginary part of the wave vector g"(w), which charac- 
terizes the growth rate of the instability. Figure [21 shows 
q"(uj), as a function of magnetic field B, for parame- 
ters typical for the experiment []J, and for a reasonable 
value of the drift velocity V of 0.8 times the Fermi ve- 
locity Vp. The areas, where the growth rate q"(u>) is 
positive, correspond to the instability regions. Compar- 
ing Figure |21 with Figure 3a from Ref. [l| one sees that 
these instability regions very well correspond to the in- 
tervals of B where the zero-resistance states (and the 
negative photoresistance at higher cyclotron harmonics) 
were experimentally observed (a similar picture plotted 
for Figure 1 from Ref. gave the same result). A re- 
markable feature of the instability plot of Figure[2]is that 
the "strength" of the instabilities decreases rather slowly 
with the harmonics number, in a qualitative agreement 
with experiment. Besides, two different curves in Fig- 
ure |21 drawn for different scattering rates, show that the 
higher electron mobility favours the development of the 
instability, which also agrees with 0, 0] • Finally, we no- 
tice that the number of electrons, running along the edge 
with the microwave-increased velocity, is proportional to 
exp(— W/T), which qualitatively agrees with the power 
and temperature dependencies of the photosignal at the 
minima of R xx . 

Thus, the microwave power, temperature, magnetic 
field, frequency and scattering rate dependencies of the 
growth rate of the instability qualitatively agree with 
such dependencies of the experimentally measured pho- 
toresistance R xx . A detailed mechanism of how the in- 
stability is related with R xx is still to be understood, but 
it is clear that under the unstable conditions the distri- 
bution of electric current and potential in the sample will 
be very complicated, and the instability may macroscop- 
ically manifest itself via a vanishing potential difference 
between certain pairs of contacts. Ideas along these lines 
have been recently discussed in Ref. 0- Although a 
more comprehensive analysis is certainly required to sup- 
port the ideas of this work, we believe that the presented 
arguments catch the main physics of the phenomena, in 
particular, the fact that the instability exists in the in- 
tervals where e(q, u>) < 0. Instabilities of the consid- 
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FIG. 2: Growth rate of the instability as a function of mag- 
netic field for parameters of Ref. Q, the velocity V/Vf = 0.8, 
and two different scattering rates. Numbers on the top axis 
show the position of the cyclotron harmonics. 



ered type are well known in a three-dimensional gaseous 
plasma, see e.g. 0,12^. The effects observed in Refs. 
is probably a manifestation of such an instability 
in the solid-state two-dimensional plasma. 

The j ± 1/4 law for the positions of the photoresistance 
minima/maxima Q can be qualitatively understood if to 
assume that the instability regions occupy approximately 
one half of the interval between o> = ju> c and ui = (j+l)uj c 
(see Figure |2Jl ■ Then, in the regime of weak instability, 
when the photoresponse has a sinusoidal form, it should 
have the observed phase. On the other hand, if the in- 
stability regions occupy less or more than one half of the 
interval \ju) c , {j+l)u> c ] (this may depend on parameters of 
the system), the photoresistance minima/maxima should 
not necessarily be at the lu/uj c = j ± 1/4 positions. The 
j ± 1/4 observation |lj , as follows from our approach, is 
thus not necessarily a universal law. Notice that the IL, X 
maxima were seen at u/ui c = i_ — 1/4, according to [lj, 
and at lo/uj c — j, according to [2j. 

The proposed scenario also allows us to resolve the 
paradox related with the non-manifestation of the mag- 
netoplasmon resonance with q ~ l/w in the new exper- 
iments: while in [16( the 2D plasmon wave vector was 
determined by the width of the sample w, in the new 
experiments the relevant wavevectors are fixed by the 
instability conditions JHJ), and the weak "bulk" magneto- 
plasmon resonance is not seen on the background of huge 
oscillations due to the edge contribution. Notice, that the 
weak bulk-magnctoplasmon resonance which was seen in 
1 1 1 1 along with relatively weak sinusoidal oscillations of 
R xx (in moderate- mobility samples) , supports our idea of 
two, bulk and edge, contributions to the measured pho- 
tosignal. 

To summarize, we have shown that the recently ob- 
served microwave-induced zero-resistance states and ef- 
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fects of the negative photo-resistance in very- high-electron 
mobility 2D electron systems in strong (ui c t ^> 1) mag- 
netic fields can be related to the development of a drift 
plasma instability arising near the edge of the system 
under the microwave radiation. This interpretation also 
allowed us to consistently explain the dramatic difference 
between results of the old 0] and new 0,0 experiments, 
which were performed under the seemingly similar con- 
ditions. Our results are in a qualitative agreement with 
the microwave power, temperature, magnetic field, fre- 
quency, and electron-mobility dependencies observed in 
the experiments. 
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